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1. Introduction
A diabaryon is a bound state (or resonance) with a baryon number B = 2.
The deuteron, made of a proton and a neutron, is only a stable dibaryon
observed in Nature so far. Thus it is interesting to ask whether other
dibaryons exist in Nature or not.
A dibaryon can be classified in the flavor SU(3) representation as
8⊗ 8 = 27⊕ 8s ⊕ 1⊕ 10⊕ 10⊕ 8a (1)
for the octet–octet baryons, where a deuteron belongs to the 10 representa-
tion, while a H–dibaryon was predicted in the 1 representation1, and was
recently studied in lattice QCD2–6. Classifications including decuplet (10)
baryons are
10⊗ 8 = 25⊕ 8⊕ 10⊕ 27, (2)
where NΩ and N∆ dibaryons were predicted in 8 and 27 representations,
respectively7,8, and
10⊗ 10 = 28⊕ 27⊕ 35⊕ 10, (3)
where ΩΩ was predicted in the 28 representation9, while ∆∆ dibaryon
were predicted in the 10 representation10,11, whose candidate d∗(2380) has
indeed been observed12. Note however that only Ω is a stable decuplet
baryon against strong decays.
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2. HAL QCD potential method
A fundamental quantity in the HAL QCD method13–15 is an equal-time
Nambu–Bethe–Salpeter (NBS) wave function in the center of mass system,
which is given for a two nucleon system as
ϕk(r) = 〈0|N(r/2, 0)N(−r/2, 0)|NN,Wk〉, (4)
where |NN,Wk〉 is a two-nucleon eigenstate in QCD having the relative
momentum k and the center of mass energy Wk = 2
√
k2 +m2N with the
nucleon mass mN , and N(x) with x = (x, t) is the nucleon operator. In our
study, we usually take the local operator in terms of quark fields as N(x) =
abc(uTa (x)Cγ5db(x))qc(x), where ua (da) is a up (down) quark field with
color a while q = u (d) corresponds to a proton (neutron), and C = γ2γ4
is a charge conjugation matrix acting on spinor indices. A choice of the
nucleon operator is a part of the definition (or scheme) for the potential.
In the HAL QCD method, we restrict the total energy below the lowest
inelastic threshold as Wk < Wth ≡ 2mN + mpi with a pion mass mpi, so
that only the elastic NN scatterings can occur.
It can be shown16,17 that an asymptotic behavior of the NBS wave
function at large r ≡ |r| is given by
ϕk(r) '
∑
l,m
Cl
sin(kr − lpi/2 + δl(k))
kr
Ylm(Ωr), k ≡ |k|, (5)
where Ylm is a spherical harmonic function for the solid angle of r (Ωr). For
simplicity, we ignore the spin of nucleons here, but you can find a complete
formula in Refs.14,18. It is important to note that δl(k) is the phase of the
S-matrix in QCD for the partial wave with the angular momentum l, which
is encoded in the asymptotic behavior of the NBS wave function, similar to
the scattering phase shift of the scattering wave in quantum mechanics.
Using this property, we define the energy–independent potential with
derivatives from NBS wave functions as
[Ek −H0]ϕk(r) = V (r,∇)ϕk(r), Ek = k
2
mN
, H0 =
−∇2
mN
, (6)
for Wk < Wth. The potential at the next-to-leading order (NLO) takes a
form as
V (r,∇) = V0(r) + Vσ(r)(σ1 · σ2) + VT(r)S12 + VLS(r)L · S+O
(∇2) , (7)
where σi is a spin operator acting on the i-th nucleon, S12 = 3(σ1 ·rˆ)(σ2 ·rˆ)−
(σ1 ·σ2) with rˆ = r/r is the tensor operator, L = r×∇ and S = (σ1 +σ2)/2.
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The Schro¨dinger equation with the potential V (r,∇) give a correct QCD
phase shift δl(k), since NBS wave functions are solutions to the equation
by construction. Note that non-relativistic approximation is not employed
here since the Klein–Gordon operator reduces to the Helmholtz operator for
a given center of mass energy as −−m2 = (Wk/2) +∇2−m2 = k2 +∇2.
We determine local functions such as VX(r) (X = 0, σ,T,LS) order by
order. For example, the leading order (LO) potential V LO0 (r) ≡ V0(r) +
Vσ(r)(σ1 · σ2) + VT(r)S12 can be approximately determined from one NBS
wave function ϕk as
V LO0 (r;ϕk) =
[Ek −H0]ϕk(x)
ϕk(x)
, (8)
where an argument ϕk of the potential represents an input for its determi-
nation. If V LO0 (r;ϕk) ' V LO0 (r;ϕq) for |k| < |q|, it turns out that the LO
approximation is good at p in |k| ≤ |p| ≤ |q|. If V LO0 (r;ϕk) 6= V LO0 (r;ϕq),
on the other hand, the NLO term can be determined from two equations
given by
[Ek −H0]ϕp(x) =
[
V NLO0 (r) + V
NLO
LS (r)L · S
]
ϕp(x), p = k,q, (9)
where a superscript NLO represent the order of the approximation to deter-
mine these terms. We can continue this procedure to increase accuracy of
the determination. Once the potential is approximately obtained, physical
observables such as scattering phase shift can be extracted.
In lattice QCD, a NBS wave function is extracted from a 4-pt correlation
function as
F (r, t) ≡ 〈0|N(r/2, t)N(−r/2, t)J¯NN (0)|0〉 =
∑
n
Anϕkn(r)e
−Wkn t + · · ·
' A0ϕk0(r)e−Wk0 t, t→∞, (10)
where J¯NN (t) is an operator which creates two-nucleon elastic states at t
with an overlap factor An = 〈NN,Wkn |J¯NN (0)|0〉, an ellipsis represents
contributions form inelastic states, and Wk0 is an energy of the NN ground
state. In practice it is very difficult to take a large t due to a bad signal-to-
noise ration for two baryons, but a use of smaller t may introduce large sys-
tematic errors due to contaminations from elastic excited states to the grand
state, which is a very serious problem for the conventional method19–24.
In Ref.25, an improved method to extract potentials has been proposed.
We define the normalized 4-pt function as
R(r, t) ≡ F (r, t)
GN (t)2
=
∑
n
A¯nϕkn(r)e
−∆Wkn t + · · · , ∆Wkn = Wkn − 2mN ,
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Fig. 1. (Left) The Ω−Ω− potential V (r) in the 1S0 channel at t/a = 16, 17, 18, in 2 + 1
flavor QCD at almost physical pion mass. (Right) The binding energy of the Ω−Ω−
system and the root-mean-square distance between two Ω−’s without and without the
Coulomb repulsion (blue solid diamond and red solid triangle, respectively). Taken
from26.
where GN (t) is a nucleon 2-pt function at rest, which behaves as Ze
−mN t
as long as inelastic contributions to the 2-pt function can be neglected, and
A¯n = An/Z
2. Since all NBS wave functions, φkn , below inelastic threshold
satisfy the same Shro¨dinger equation (6), we obtain{
−H0 − ∂
∂t
+
1
4m2N
∂2
∂t2
}
R(r, t) = V (r,∇)R(r, t) ' V LO0 (r)R(r, t), (11)
where we use a relation ∆Wk = k
2/mN − (∆Wk)2/(4m2N ), and we need
to take a moderately large t satisfying Wtht 1 to ignore inelastic contri-
butions. Note that V (r,∇) extracted from the above equation should be t
independent. Therefore, the t dependence for the LO potential V LO0 (r), for
example, indicates either an existence of inelastic contributions or contri-
butions from higher order terms in the derivative expansion.
3. Dibaryons at the almost physical pion mass
As an application of the HAL QCD potential method, we presents some
results on dibaryons.
In our studies on dibayons, we employ (2+1)-flavor gauge configurations
generated on a L3 × T = 963 × 96 lattice with the RG-improved Iwasaki
gauge action and non-perturbatively O(a)-improved Wilson quark action,
at a ' 0.085 fm (thus La ' 8.1 fm) with (mpi,mK ,mN ) ' (146, 525, 955)
MeV. which correspond to the almost physical point.
We first consider the Ω−Ω− system in the 1S0 channel, which belongs
to the 28 representation26.
In Fig. 1 (Left), we show Ω−Ω− potentials at t/a = 16, 17, 18, which has
qualitative features similar to the central potentials for NN . We notice,
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Fig. 2. (Left) The NΩ potential VC(r) in the
5S2 channel at t/a = 11, 12, 13, 14, with
the same lattice setup for ΩΩ. (Right) The binding energy and the root-mean-square
distance for the nΩ− (red open circle) and pΩ− (blue open square). Taken from28.
however, that its repulsion is weaker and attraction is shorter-ranged than
the NN case. With this potential, we obtain one shallow bound state,
whose binding energy is shown in Fig. 1 (Right) as a function of the root-
mean-square distance, with and without Coulomb repulsion between Ω−Ω−
as α/r, denoted by red circle and blue square, respectively. Such a bound
state may be searched experimentally by two-particle correlations in future
relativistic heavy-ion collisions27.
We next consider the NΩ− system with S = −3 in the 5S2 channel,
which belongs to the 8 representation28. At the almost physical pion mass,
NΩ(5S2) may couple to D-wave octet-octet channels below the NΩ thresh-
old such as ΛΞ and ΣΞ. We thus assume that such couplings are small.
In Fig. 2 (Left), we plot the NΩ− potential at t/a = 11–14, showing
attraction at all distances without repulsive core. Thus there is a chance
to form a bound state, and indeed one bound state is found to exist in
this channel. Fig. 2 (Right) shows the binding energy as a function of
the the root-mean-square distance for nΩ− with no Coulomb interaction
(red) and pΩ− with Coulomb attraction (blue). These binding energies are
found to be much smaller than B = 18.9(5.0)(+12.1−1.8 ) MeV at heavier pion
mass mpi = 875 MeV
29. Such a NΩ state can be searched through two-
particle correlations in relativistic nucleus-nucleus collisions27, if indeed
exists. Actually, some indications in experiments were recently reported30,
and more will be expected to come.
From potentials we obtain for ΩΩ(1S0) and NΩ(
5S2), we calculate the
scattering length a0 and the effective range reff for these systems. Fig. 3
shows the ratio reff/a0 as a function of reff for ΩΩ(
1S0) (blue diamond)
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Fig. 3. The ratio of the effective range and the scattering length reff/a0 as a function
of reff for ΩΩ(
1S0) (blue open diamond) and NΩ(5S2) (red open circle) obtained in
lattice QCD, as well as for NN(3S1) (purple open up-triangle) and NN(1S0) (green
open down-triangle) in experiments. Taken from28.
and NΩ(5S2) (red circle) obtained in lattice QCD near the physical pion
mass, together with the experimental values for NN(3S1) (deuteron, purple
up-triangle) and NN(1S0) (di-neutron, green down-triangle). For all cases,
|reff/a0| is small, indicating that these systems are located close to the uni-
tary limit. It will be interesting to understand why dibaryons or dibaryon
candidates appear in the unitary region near the physical pion mass.
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